Nanocomposite titanium dioxide/polymer photovoltaic cells have been fabricated using poly[2-(2-ethylhexyloxy)-5-methoxy-1,4-phenylenevinylene] (MEHPPV). Two different types of titanium dioxide were used, one synthesized using a sol-gel method, the other was a commercial paste. The crystal structure, porosity and absorption spectra of the titanium dioxide layers were measured, and the titanium dioxide synthesized using the sol-gel method had a much lower level of anatase. The photovoltaic properties of the ITO/TiO 2 /MEHPPV/Au cells, which were similar for both types of TiO 2 , were measured as a function of illumination power and compared with equivalent circuit models. A simple equivalent circuit model incorporating a diode, two resistances and a light induced current was inconsistent with the illumination -dependent data and was improved by adding an illumination dependent shunt resistance. A very long lived, photo-induced increase in dark current was observed, which could not be explained by a polymer degradation mechanism or an increase in temperature under illumination, but was more likely to be due to trapped charge.
INTRODUCTION
Following the discovery of high efficiency dye sensitized solar cells by Grätzel and co-workers in the late 1980s 1, 2 , photovoltaic cells incorporating organic components have been under intense investigation. Dye-sensitized titania cells are attractive because of their low material and processing costs, but utilization of a liquid electrolyte within the cells has limited their practical application. The nanoporous titanium dioxide electrode may be retained while eliminating the solvent if the dye and electrolyte solution are replaced with a polymer semiconductor, an approach which has recently been employed by several groups [3] [4] [5] [6] [7] . Conjugated polymers such as poly[2-(2-ethylhexyloxy)-5-methoxy-1,4-phenylenevinylene] (MEHPPV) have a high absorption coefficient in the visible part of the spectrum and relatively high charge carrier mobilities and are therefore promising candidates for use as both the active photo-generation medium and the hole transport component in photovoltaic cells 8, 9 . In a photovoltaic cell based on an n-type semiconductor and a conjugated polymer, an exciton is photo-generated in the polymer layer. The exciton can diffuse to the semiconductorpolymer interface, and dissociate via electron transfer into the conduction band of the semiconductor. While such an approach may seem good in theory, the highest global efficiency reported to date is only 0.5% 7 . There have been only a few reports of research into the photovoltaic mechanisms of this device configuration 5, [10] [11] [12] [13] and further investigation is needed for the cells to reach their full potential.
Conventional inorganic photovoltaic cells are often modeled by an equivalent circuit. The simplest equivalent circuit represents the photovoltaic cell by a diode, with resistances in series and parallel (see Figure 1) . The current of the circuit in Figure 1 using the equivalent circuit model is given by:
where R SH and R S are shunt and serial resistances respectively, I PH is photo-current, I is the overall current, and V is the applied external voltage. T is the temperature, k is the Boltzmann constant, n is the ideality factor and I 0 is the saturation reverse current of the diode.
Figure 1.
A simple equivalent circuit model of a photovoltaic device. R SH and R S are shunt and serial resistances respectively, I PH is photo-current, I is the overall current, and V is the applied external voltage.
Equivalent circuit models with a diode have also been used to evaluate the performance of organic/TiO 2 interfaces 14, 15 as the diode equation is valid generally for interfacial electron transfer 16 . We have assumed that the electron transfer at the TiO 2 /polymer interface is the controlling factor in the device performance and have modeled the interface as a diode.
This article reports preliminary results from an on-going investigation of photovoltaic cells based on nanocrystalline titanium dioxide and MEHPPV. Two different methods have been used to fabricate the TiO 2 and these layers, together with MEHPPV have been extensively characterized using a range of analytical techniques including atomic force microscopy (AFM), X-ray diffraction (XRD) and U.V.-visible spectroscopy. The photovoltaic characteristics of cells incorporating these layers have been measured and compared with simple equivalent circuit models.
EXPERIMENTAL PROCEDURE
Photovoltaic devices with an ITO/TiO 2 /MEHPPV/Au configuration were formed on pre-patterned ITO/glass. TiO 2 dispersions created via two different processes were used to make the TiO 2 layers. In a sol-gel process, TiO 2 dispersions were synthesized according to a literature method 17 , but without the concentration and autoclaving steps. A surfactant, Triton-X-100  , was added to the TiO 2 dispersion and it was deposited onto pre-patterned ITO/glass by spincoating at 2000 r.p.m. for 120 seconds. The film was then annealed at 450 °C for 20 minutes before spin-coating again. Transparent thin films of 140 nm thickness were obtained by three sequential spin-coating and annealing steps.
The synthesised sol-gel dispersion was compared with Ti-Nanoxide HT (Solaronix SA, Switzerland). The synthesis of Ti-Nanoxide HT incorporates a step inducing anatase formation. A doctor blade was used to apply layers of 1.8 µ m thickness onto ITO/glass substrates. The deposited layers were allowed to dry at 100 °C for a few minutes before annealing in air at 450 °C for 10 hours in a furnace oven, conditions which created the greatest TiO 2 surface area.
MEHPPV was synthesized according to a well established procedure 18 . MEHPPV films, ranging from 40 to 120 nm thick, were spin-coated on top of the TiO 2 layers from chlorobenzene solutions at a spin speed of 2000 rpm for 40 seconds. The devices were completed by evaporation of Au electrodes (45 nm thick) with the gold being deposited at a rate of 20 Å/min at a vacuum of Characterisation of the TiO 2 and MEHPPV was conducted using a range of analytical techniques. The thickness of the TiO 2 and polymer layers was determined using AFM in the contact mode (CP model, Park Instruments). The surface morphology of the layers was investigated using both SEM and AFM. Optical absorption spectra of the films were measured using a Perkin Elmer Lambda 14P spectrometer. Gas adsorption was performed on a six-port Quantachrome AS6B-KR Autosorb gas sorption system using N 2 gas.
IV measurements of the ITO/TiO 2 /MEHPPV/Au devices were carried out both in the dark and under illumination using a Keithley 2400 source meter. The photo-current measurements were performed using a halogen light source with emission between 400 and 700 nm. The samples were mounted in an Oxford Instruments DN series cryostat and evacuated to about 2.5x10 -2 mbar prior to the measurements. For the dark current J-V measurements the sample was retained in the dark and under a vacuum of 2.5x10 -2 mbar overnight prior to illumination for 101 minutes through Tech Spec TM heat absorbing glass at 120 mW/cm 2 . For the purpose of these measurements a positive voltage on the gold electrode was assigned a positive bias.
RESULTS AND DISCUSSION

Microstructural Study of TiO 2
Ti-Nanoxide HT (Anatase Paste)
TiO 2 layers formed from the commercial Ti-Nanoxide HT paste appeared transparent but absorbed light below about 370 nm, which is consistent with the anatase band gap of 3.2eV (about 385 nm). An XRD study of the layer detected only a crystalline phase of anatase. A typical diffraction pattern featuring anatase reflections is shown in Figure 2 . The width of the XRD reflections is related to the size of the crystallites by the Scherrer equation,
where β = the breadth of diffracted rays due to the crystallite size, λ = the X-ray wavelength, t = the crystallite size and θ = the Bragg angle of diffracted rays 19 . Based on the peak widths shown in Figure 2 , the average dimension of the crystallites was found to be 18 nm.
The surface morphology of the TiO 2 layers deposited on ITO was examined using SEM and AFM. Figure 3 shows an SEM image of an annealed TiO 2 layer. The layer is porous and consists of agglomerates of TiO 2 crystallites of average size about 50 nm. The agglomerates have also been observed using AFM (see Figure 3 ) which indicated that the surface roughness is approximately 10 nm. 
(105) and (211) Figure 2 . XRD patterns of annealed films of TiO 2 featuring diffraction by the crystal planes of anatase. The higher intensity data was produced by the Ti-Nanoxide HT paste while the lower intensity data was produced by the synthesized sol-gel dispersion. The peaks are labeled to the corresponding diffracting plane.
Gas adsorption experiments were performed to establish the porosity of the TiO 2 layers derived from the anatase paste, comparing 1 and 10 hour annealing times. The N 2 adsorption isotherms of the TiO 2 layers were found to correspond to type IV of the IUPAC classification indicating that the films are mesoporous, with a surface area of 175.3 m 2 g -1
, pore volume of 0.42cm 3 g -1 and average pore diameter of 9 nm. The majority of pores are cylindrical in shape with a narrow size distribution.
Angle / 2θ hours at 450ºC.
Characterization of Synthesised Sol-Gel TiO 2
X-ray diffraction and TEM studies established that films of the synthesised sol-gel titanium dioxide were predominately amorphous prior to annealing. Annealing of the deposited sol-gel layers in an air ambient had a strong influence on the structure of the films. For the photovoltaic cells a heat treatment of 450 °C was used. X-ray diffraction measurements confirmed the presence of anatase (see Figure 2 ), although the signal was too weak for reliable measurement of the crystallite size. The annealed films were highly transparent with the onset of UV absorption at about 340 nm in comparison to about 370 nm in the Ti-Nanoxide HT case. A comparison of the absorption spectra of the 0.14 µm solgel and 0.5 and 1.8 µm Ti-Nanoxide HT layers (see Figure 4) indicated that the thickness of the layers was insufficient to fully explain the onset of absorption, and the anatase level in the annealed sol-gel film was low.
AFM measurements indicated that the surface morphology of these layers consisted of particles of varying average size 100 -400 nm and a roughness of about 2 nm ( Figure 5 ). However, a high magnification AFM scan found evidence of smaller features 20-30 nm in size. 
PHOTOVOLTAIC CHARACTERISTICS
Open circuit voltage (V OC ) and short circuit current density (J SC )
Current density (J) of ITO/TiO 2 /MEHPPV/Au devices was measured as a function of applied bias (V) in the dark and under illumination. Devices made using the synthesised sol-gel and Ti-Nanoxide HT performed similarly, both producing global efficiencies of about 0.1 % and V OC around 1 V at 100 mWcm -2 . The photovoltaic performance was consistent with similar measurements reported by other groups, 5,10 but it is surprising that the high anatase, thicker and rougher Ti-Nanoxide HT layers did not produce efficiencies orders of magnitude higher than the partially crystalline sol-gel TiO 2 . The insensitivity to the combination of roughness and anatase content could be due to the use of the spincoating process, where the polymer presumably did not have time to enter the pores in the Ti-Nanoxide HT TiO 2 .
Intensity dependent measurements on devices fabricated from the synthesized sol-gel titanium dioxide showed that the J SC was linearly dependent on light intensity, (see Figure 6 ) while the V OC had a logarithmic dependence, leveling off only at intensities close to 100 mWcm -2 . A logarithmic relationship between V OC and illumination intensity is common at low current densities, for example in silicon and other crystalline cells 20, 21 and polymer blends 22 and can be derived from the simple equivalent circuit model assuming the photocurrent is proportional to the illumination power and the shunt resistance is very high. 
Dark Current
The dark current under bias of the ITO/TiO 2 /MEHPPV/Au devices has been found to increase after illumination. It increased by as much as several orders of magnitude depending on the intensity and duration of the illumination. When measured under vacuum (2.5x10 -2 mbar) the photo-induced dark current reduced by an order of magnitude in about twenty minutes, but when given sufficient initial illumination, for example 101 minutes at 120 mW/cm 2 , only returned to its original level on the timescale of days (see Figure 7) . The photovoltaic performance of the device shown in Figure 7 was measured after the dark current had decayed for 4 days. The V OC had risen from 0.7 V to 0.8 V, while the J SC and global efficiency had not changed. The two equivalent circuit models used to analyse the PV response do not consider any time dependent processes and are therefore inadequate to describe these very long-lived transient phenomena. There could be a number of different reasons for an increase in dark current in the device, for example trapped charge in the nanoporous titanium dioxide layers 16, 23, 24 or the MEHPPV, the presence of mobile ions, photo-oxidation of the polymer or an increase in temperature.
Conductivity of MEHPPV can be enhanced by photo-oxidation, 25, 26 hence the observed increase in dark current could feasibly be due to polymer oxidation. However oxidation of the polymer is not reversible and is therefore inconsistent with eventual return to the original dark current density and subsequent measurement of the original photovoltaic efficiency.
The mobility of charges in MEHPPV has also been reported to increase with increasing temperature. 27 In our experiments, the device temperature is increased by the illumination and therefore the temperature dependence of the dark current was examined as a possible reason for the illumination-dependent dark current increase (see Figure 8a) . The heating element in the cryostat was used to raise the temperature of the device to 30 °C then 50 °C and the dark current measured at a bias of 1 V. The heating element was then turned off and a further dark current measurement taken half an hour later, at about 40 °C. These measurements correspond to the filled circles in Figure 8a . Increasing the temperature by almost 30 °C increased the dark current by less than an order of magnitude. While the device was cooling, it was illuminated at 100 mW/cm 2 for about 5 minutes. The light was switched off and the current at 1 V bias was then measured within 2 minutes. This first dark current measurement after illumination appears on both Figures 8a and 8b, at about 10 -6 Acm -2 , more than two orders of magnitude greater than before the illumination. For the next 15 minutes, both the dark current and the temperature were reducing and it appeared that the reduction in dark current could have been due to the reduction in temperature. To eliminate that possibility, the temperature was set to 50 °C, the temperature rose again, but the dark current continued to fall, indicating that an increase in temperature during illumination was not the sole cause of the increase in dark current.
(a)
1.E-09
1.E-08
1.E-07
1.E-06 A mechanism involving mobile oxygen radical anions has been proposed to explain an increase in dark conductivity after irradiation of TiO 2 / phthalocyanine solar cells in air. 28 To test the possibility that the dark current observations reported here were due to the same mechanism, a high dark current was induced in an ITO/TiO 2 (Ti-Nanoxide HT)/MEHPPV/Au device under vacuum, and air allowed into the sample chamber to observe the dark current decay. The dark current reduced to its initial level in less than 2 seconds, the resolution of the measurement. Following illumination of another sample under reverse bias and in vacuum, the illumination and bias were removed. Under these circumstances, if mobile ions were present, they would be expected to produce a long-lived transient signal, but the transient decayed too quickly to be measured. These two observations were inconsistent with a mechanism involving ionic motion, but were consistent with a mechanism involving trapped charge.
Similar observations of high dark and long-lived dark currents have been made in nanoporous titanium dioxide electrodes, 24 in which the conductivity is dependent on the oxygen partial pressure and Ti 3+ /oxygen vacancy surface defects are associated with enhanced recombination in a dye-sensitized liquid electrolyte cell. 29 Nevertheless, further experiments are planned to confirm the presence of trapped charge.
CONCLUSIONS
Exploration of two different methods of fabricating nanoporous titanium dioxide electrodes has revealed that ITO/TiO 2 /MEHPPV/Au cells with anatase content and TiO 2 layer thickness variations have similar global photovoltaic efficiencies under visible light illumination. An investigation of the intensity-dependence of the open circuit voltage has shown that a simple equivalent circuit model with a single diode and two resistances is inadequate to model the device behaviour. An illumination dependent shunt resistance improves the model, but further improvements are required if observed changes in the dark current are to be modeled by an equivalent circuit. Following illumination, a very long lived, air-sensitive increase in the dark current has been observed. A number of possible mechanisms such as temperature changes or degradation of the polymer can be ruled out, while a mechanism involving trapped charges is more probable.
